Two-dimensional materials have proven to be a prolific breeding ground of new and unstudied forms of magnetism and unusual metallic states, particularly when tuned between their insulating and metallic phases. In this paper we present work on a new metal to insulator transition system FePS 3 . This compound is a two-dimensional van-der-Waals antiferromagnetic Mott insulator. Here we report the discovery of an insulator-metal transition in FePS 3 , as evidenced by x-ray diffraction and electrical transport measurements, using high pressure as a tuning parameter. Two structural phase transitions are observed in the x-ray diffraction data as a function of pressure and resistivity measurements show evidence of onset of a metallic state at high pressures. We propose models for the two new structures that can successfully explain the x-ray diffraction patterns.
at which the data were collected (shown on the left y-axis). The 0.0 GPa data has been truncated for the two highest intensity peaks to allow all the patterns to be plotted together. The two phase transitions can be seen to take place over the region coloured blue (PT1) and that coloured black (PT2). The three patterns that we identified as being monophase are labelled with their pressures.
The wavelength of the x-rays was λ = 0.4246 Å.
achieved, as well as pressure gradients within the sample estimated at around 20%. The pressure in these cells is estimated from the load applied during pressurisation.
Temperature control was achieved through an Oxford Instruments Heliox He-3 cryostat, an ICE Oxford 1 K pumped helium cryostat and an adiabatic demagnetisation refrigerator developed in-house. Care was taken to vary temperatures slowly (typically a few Kelvin per hour) to allow the large thermal mass of the pressure cells to equilibrate.
III. RESULTS
It was clear upon observing the evolution of the diffraction patterns, see 4 GPa and the second (PT2) at approximately 14 GPa. The structure is known at ambient pressure (0 GPa) however the high pressure structures were not known. The first task was therefore to produce physically sensible models for the two unknown structures that could be used to fit the high pressure diffraction patterns. In both phase transitions new diffraction peaks develop while other peaks disappear. This allowed the identification of monophasic diffraction patterns for all three phases: the pattern at 0 GPa corresponds to the low pressure (ambient pressure) monoclinic C2/m phase [4, 6] ; the one at 10.1 GPa to a high-pressure phase, here designated HP I; finally, the pattern at 18.1 GPa corresponds to a second high-pressure phase, HP II. Assuming only that the structure doesn't go through a major reconstruction we can equate the lowest angle (highest d-spacing) peak at around a 2θ This is a collapse of nearly 15%.
The first phase transition seems to lead to fewer peaks, suggesting higher symmetry, but as yet we still find the best match with a modified monoclinic C2/m structure. This is closely related to the starting structure, with the primary difference being a change in β from ∼107°to ∼90°. Additionally, the P-P distance increases, reflecting the change in the atomic stacking along the c* axis. The P-P pairs are separated by a sulphur atom at 0 GPa, while the ab-planes have sheared at higher pressures such that this is no longer the case and P-P pairs form a chain along c*. The change in the c* stacking is shown in Fig.III .6.
The second phase transition then leads to the closely related P-31m trigonal structure.
The principal changes here are the increase in symmetry and the collapse of the interlayer spacing.
Rietveld refinements were performed using Topas V6. A shifted Chebyshev function with 6 parameters was used to fit the background. The Pseudo-Voigt function used to model the peak shape and the parameters describing the diffractometer geometry were first optimized using an LaB 6 standard. These were fixed for the structural refinements, while two isotropic parameters were used to take into account the sample Lorentzian contribution to peak broadening for size and microstrain respectively unless otherwise stated. Structural parameters were refined with an anti-bump restraint for the P-P interatomic distance. A minimum value of 0.1 Å respectively. The ambient FePS 3 crystal structure [4] was retrieved from the ICSD [32] to fit the 0 GPa powder pattern. The March-Dollase model for preferred orientation was applied on the (0 0 1) crystallographic plane. An anisotropic model [33] for sample microstrain contribution was found to improve the fit significantly. The anisotropic broadening changes with increasing pressure (see Figure III .3 from 8 to 10°) and it is likely to be related to stacking faults phenomena. We are currently working on a stacking faults model that will describe these changes in detail. The R Bragg was found to be 7.35 at convergence. A few hexagonal, trigonal, tetragonal and orthorhombic symmetries was extensively attempted on the 10 GPa diffraction pattern with the indexing algorithm DICVOL [34] , which is included in the software DASH [35] from the CCDC suite [36] . One hexagonal unit cell was found to be rather convincing but a Pawley fit proved that it fails to fit the (0 0 1) peak properly (see Figure 1 in the SI). The pattern can instead be fitted with an orthorhombic C-centered unit cell (see Figure 1 in the SI). However, so far we have been unable to model the structure with an orthorhombic supergroup of C2/m. Therefore, our conclusion is that the HP I crystal structure is in fact monoclinic with the same space group as the 0 GPa crystal structure.
We believe that the stacking faults model we are currently working on could shed more light on the structural behaviour during this phase transition. An 8th order spherical harmonics model for preferred orientation was found to be necessary to fit the peak intensities in this case. The R Bragg was found to be 0.47 at convergence. A Pawley fit showed that the 18.1
GPa diffraction pattern could be fitted with the hexagonal unit cell identified during the indexing of the 10 GPa pattern. A manual determination of systematic extinctions excluded any reflection condition. A structural model was built assuming that the layers would be perpendicular to [0 0 1] with the P atoms lying on the 3-fold axis and stack one onto the other without any shift on the a,b plane (see Fig.III.6 ). The space group P-31m, which has no systematic absences, was found to be compatible with this structural model. An 8th order spherical harmonics model for preferred orientation was used. The R Bragg was found to be 0.44 at convergence.
The temperature dependence of the resistivity ρ of FePS 3 in the absence of any applied pressure is plotted in Fig. III.7 , from room temperature down to the temperature when the resistance becomes too high to measure on the apparatus used. The resistivity values found match with the orders of magnitude observed previously [7] and are insulating in nature.
The inset shows a fit of the resistivity to an Arrhenius-type thermally-activated conduction process across a fixed band gap ρ ∝ e Angstroms. The figures were created using the VESTA software [31] .
it is tempting to speculate that the upturn may also have some connection to the magnetic properties of the compound at high pressure.
IV. DISCUSSION
The application of pressure changes the structure and electronic properties of FePS 3 .
Through the analysis of powder x-ray diffraction data under pressure we have discovered and produced models for two previously unknown phases of FePS 3 . The change from the ambient pressure structure to HPI amounts to a shear of the unit cell by ∼a/3 along the volume of the unit cell by putting the Fe atoms directly above one another, and likewise for the P atoms. This is apparent in the view along c*, shown in Fig.III.6 . The HPI structure also appears to show some buckling of the sulphur layers, possibly due to strain. The buckling disappears at the higher pressure transition to HPII, where the structure adopts a higher symmetry. It is not immediately obvious which of these structural transitions is responsible for the metallisation observed in high pressure resistivity measurements.
Under ambient conditions, the layered van-der-Waals antiferromagnet FePS 3 displays insulating behaviour, with an electronic band gap around 0.5 eV, in agreement with previous studies. The application of comparatively low pressures, up to 2.0 GPa, has little effect on the resistivity but higher pressures reduce the sample's resistivity values at a dramatic rate.
In the quasi-hydrostatic Bridgman cells, a reduction in sample resistance values from GΩ
to Ω ranges is seen, and a resistance increasing with temperature from pressures around We have found evidence for an insulator-metal transition in the two-dimensional Mott insulator FePS 3 from measurements of the resistivity under pressure. In the metallic phase, an additional low temperature upturn is observed, which is suppressed with further pressure
and has yet to be fully explained.
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